Proline is an important amino acid for stress resistance in different organisms. Results: Depletion of proline biosynthesis disrupts redox homeostasis and increases sensitivity to endoplasmic reticulum (ER) stress in yeast. Conclusion: Proline biosynthesis is critical for maintaining the intracellular redox environment and the UPR during ER stress. Significance: Proline metabolism is shown to have an important role in ER stress tolerance that was previously unknown.
The amino acid proline is uniquely involved in cellular processes that underlie stress response in a variety of organisms. Proline is known to minimize protein aggregation, but a detailed study of how proline impacts cell survival during accumulation of misfolded proteins in the endoplasmic reticulum (ER) has not been performed. To address this we examined in Saccharomyces cerevisiae the effect of knocking out the PRO1, PRO2, and PRO3 genes responsible for proline biosynthesis. The null mutants pro1, pro2, and pro3 were shown to have increased sensitivity to ER stress relative to wild-type cells, which could be restored by proline or the corresponding genetic complementation. Of these mutants, pro3 was the most sensitive to tunicamycin and was rescued by anaerobic growth conditions or reduced thiol reagents. The pro3 mutant cells have higher intracellular reactive oxygen species, total glutathione, and a NADP ؉ /NADPH ratio than wild-type cells under limiting proline conditions. Depletion of proline biosynthesis also inhibits the unfolded protein response (UPR) indicating proline protection involves the UPR. To more broadly test the role of proline in ER stress, increased proline biosynthesis was shown to partially rescue the ER stress sensitivity of a hog1 null mutant in which the high osmolality pathway is disrupted.
Proline metabolism has been linked to stress tolerance in a broad range of organisms. In addition to being a proteogenic amino acid, proline functions as an osmolyte, oxidative stress protectant, chemical chaperone, and as a source of nitrogen and energy under nutrient limiting conditions. Proline is synthesized from glutamate in three enzymatic steps as shown in Fig.  1A . Glutamate is first converted to glutamate-␥-semialdehyde (GSA) 2 via the coordinated activities of glutamate kinase and ␥-glutamyl phosphate reductase. In yeast Saccharomyces cerevisiae, glutamate kinase (Pro1p) and ␥-glutamyl phosphate reductase (Pro2p) are separate enzymes, whereas in plants and humans glutamate kinase and ␥-glutamyl phosphate reductase are combined into the bifunctional enzyme ⌬ 1 -pyrroline-5-carboxylate synthetase. GSA spontaneously cyclizes to ⌬ 1 -pyrroline-5-carboxylate (P5C), which is reduced to proline by P5C reductase (Pro3p). The proline biosynthesis pathway is subject to proline feedback inhibition with proline-inhibiting glutamate kinase (Pro1p) (1) . P5C can also be generated from ornithine by ornithine-␦-aminotransferase (Car2p). Thus, genetic deletion of PRO1 and PRO2 does not completely disrupt proline biosynthesis in yeast. In eukaryotes proline is degraded back to glutamate in the mitochondrion by proline dehydrogenase (Put1p) and P5C dehydrogenase (Put2p).
Understanding the mechanisms by which proline metabolism influences cellular responses to stress is complicated by its multifaceted roles in the cell. In mammalian cells the breakdown of proline has been shown to generate mitochondrial reactive oxygen species (ROS), which ultimately induce cell signaling cascades that promote cell apoptosis or survival (2) (3) (4) (5) and in Caenorhabditis elegans increase lifespan (6) . Proline biosynthesis has been shown to be up-regulated in plants under different stress conditions with proline accumulation generally associated with increased stress tolerance (2, 7, 8) . In humans inborn errors in human P5C reductase isozyme 1 (PYCR1) (9, 10) and P5C synthetase (P5CS) (11, 12) are associated with deficiencies in connective tissue and progeroid features. Fibroblasts from patients with impaired PYCR1 activity show altered mitochondrial morphology and increased apoptosis upon oxidative stress (10) . Increased expression of PYCR1 is found in different human cancer cells (4, (13) (14) (15) (16) and is thought to enhance cell proliferation (4, 13) . In yeast S. cerevisiae, when a Pro1p variant that is insensitive to feedback inhibition by proline was overexpressed in a PUT1 deletion strain (put1), proline levels were increased, and the yeast strain was more resistant to various stressors such as freezing, desiccation, hydrogen peroxide, and ethanol (17) . Accordingly, a pro1 null mutant strain was found to be sensitive to freeze-thaw stress (18) .
In this study we examine how proline biosynthesis influences endoplasmic reticulum (ER) stress response in yeast S. cerevisiae. The ER is an important organelle for folding and assembling secretory and membrane proteins. The process for protein folding is highly regulated with disruption of protein assembly causing accumulation of misfolded proteins and ER stress. ER stress has been linked to several human diseases such as type II diabetes, neurodegeneration, heart disease, and cancer (19) . ER stress is often accompanied by oxidative stress and eventual apoptosis, which is one of the causes of ER stressinduced cell death. In responding to ER stress, intracellular signaling pathways such as the unfolded protein response (UPR) are evoked to help cells adapt (20) . In yeast, there are several pathways involved in ER stress response including the much studied UPR pathway comprising the protein kinase Ire1p and its downstream transcription factor Hac1p, the ERassociated protein degradation pathway (21) , and the calcium signal pathway (22, 23) . Recently it has been reported that the high osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK) pathway also has an important role in ER stress survival (24, 25) , suggesting glycerol is an important ER stress protectant.
Although there have been several studies of proline protection against various types of environmental stress, very little is known about the role of proline in ER stress response. Previously, a pro1 mutant was identified by screening a null-mutant library of S. cerevisiae for sensitivity to dithiothreitol (DTT), a reducing agent that causes ER stress (26) . In addition, proline has been shown to inhibit protein aggregation in vitro and in FIGURE 1. Proline metabolic pathway and characterization of proline biosynthesis enzyme localization and null mutants. A, proline metabolic pathway in S. cerevisiae. Proline is synthesized from glutamate in the cytosol starting with Pro1p (glutamate kinase) and Pro2p (␥-glutamyl phosphate reductase). The intermediate, GSA, spontaneously cyclizes to P5C, which is then reduced to proline by Pro3p (P5C reductase). Alternatively, GSA is generated from ornithine (Orn) via Car2p. Proline is oxidized to glutamate by Put1p (proline dehydrogenase) and Put2p (P5C dehydrogenase) in the mitochondrion. Put1p couples proline oxidation to reduction of ubiquinone (CoQ) in the electron transport chain. B, fluorescence visualization by confocal microscopy of Pro1p-, Pro2p-, and Pro3p-GFP fusion proteins in strain A44 (PRO1-GFP:KanMX6), A46 (PRO2-GFP:KanMX6), and A48 (PRO3-GFP:KanMX6), respectively. All GFP fusion proteins are distributed throughout the cells, indicating cytosolic localization. C, growth rates of the BY4741 WT strain and null mutants pro1 (left panel), pro2 (middle panel), and pro3 (right panel) in SD medium supplemented with different concentrations of proline (2, 4, 10, and 20 mM) as indicated. Cells were diluted to A 600 of 0.01 and inoculated into 3 ml of medium and grown at 30°C with shaking (220 rpm) in 15 ml of cell culture tubes. The growth rate was monitored at A 600 at the indicated time points. The scale bar indicates 10 m.
vivo (27) (28) (29) . Here, we test the effect of genetic limitation of proline on ER stress tolerance in the S. cerevisiae null mutants pro1, pro2, and pro3. The proline biosynthesis mutants are shown to be more sensitive to ER stress-inducing agents than the wild-type strain. Insights into the mechanism by which genetic depletion of proline biosynthesis affects ER stress tolerance were gained by investigating intracellular redox markers and the UPR. The protective role of proline in ER stress was also examined more broadly by exploring whether proline biosynthesis can rescue the ER stress phenotype of ire1 and hog1 null mutants.
EXPERIMENTAL PROCEDURES
Chemicals, Yeast Strains, and Culture Conditions-All chemicals, culture media, and buffers were purchased from Fisher and Sigma unless otherwise indicated. The S. cerevisiae strains used in this study are provided in Table 1 . Gene knockout mutant strains and strains for expression of GFP C-terminal fusion proteins were constructed using PCR-mediated gene knock-out or C-terminal tagging techniques (30) . The gene knock-out strain was constructed by replacing the corresponding gene ORF with the HIS3MX6 cassette, and the mutant for expression of GFP C-terminal fusion protein was constructed by fusing the GFP(S65T)-kanMX6 cassette to the corresponding C terminus of the gene. Each mutant was confirmed by genotyping using the corresponding primers provided in Table  2 . Non-proline auxotrophs were maintained in YPD medium (2% (w/v) D-glucose, 2% (w/v) bactopeptone, 1% (w/v) yeast extract) or SD medium (0.17% (w/v) yeast nitrogen base without amino acids, 0.5% (w/v) ammonium sulfate, 2% (w/v) D-glucose) supplemented unless otherwise indicated with leucine (100 mg/liter), methionine (20 mg/liter), histidine (20 mg/liter), and uracil (20 mg/liter). Proline auxotrophs were maintained in SD medium supplemented with varying concentrations of proline (10 -20 mM). Growth profiles of the different strains were followed by measuring the optical density at 600 nm (A 600 ) with log phase considered to be at A 600 of 0.6 -1.0 and stationary phase at A 600 Ն 3.0. Cells were also cultured anaerobically using a deoxygenated jar with an oxygen scrubbing catalyst (BD Biosciences) and an anaerobic indicator (BD Biosciences). Cells were grown anaerobically on SD medium containing 20 mg/liter ergosterol and 0.05% Tween 80 at 30°C for 3 days.
Overexpression of PRO1(D154N), PRO2, and PRO3 in Yeast Cells-The cDNA of PRO1, PRO2, and PRO3 were synthesized from RNA extracted from wild-type BY4741 strain and amplified by PCR using corresponding primers (see Table 2 for a list of primers; a HA tag was introduced by the reversed primer). The resulting PCR products were verified by sequencing and cloned into p413TEF (PRO1, PRO2) or p416GPD (PRO3) vectors at BamH1 and Xho1 sites. The PRO1(D154N) construct was made by site-directed mutagenesis (Stratagene site-directed mutagenesis kit) of p413TEF-PRO1. All the constructs were confirmed by DNA sequencing (Eurofins MWG Operon) and transformed into their respective yeast mutant strain via the LiAc-based assay. Expression of each protein was indicated by complementation of the corresponding proline auxotroph strain. Spot Assays-Cells were grown overnight to stationary phase in SD medium alone except for the pro1, pro2, and pro3 mutant strains, which were grown in SD medium supplemented with 10 mM proline. Cells were then pelleted and resuspended in deionized water to an A 600 of 2.0 and were serially diluted (1:10) with deionized water. Cells were spotted on the indicated culture plates using a replica plater and grown 2-3 days at 30°C.
Determination of Intracellular Superoxide, Glutathione, and Proline-Superoxide anion radicals were estimated with dihydroethidium (Invitrogen) using a flow cytometer, BD Biosciences FACSCanto II, with a blue laser (488 nm) at PE channel (585/42, 556LP). Cells were incubated with SD medium supplemented with 10 M dihydroethidium at 30°C for 15 min, washed once with PBS, and resuspended in 500 l of PBS and analyzed by fluorescence detection using flow cytometry.
Intracellular free glutathione was extracted as described previously (31) . Briefly, cells were grown in SD minimal medium with or without proline to log phase before the indicated treatments. Yeast cells were washed twice with PBS and resuspended in ice-cold HCl and 1.3% (w/v) 5-sulfosalicylic acid. Cells were broken with acid-washed glass beads using 3 cycles of vortexing (1 min) and incubation on ice (1 min). The broken cells were then incubated on ice for an additional 15 min. Cell debris and proteins were pelleted by centrifugation at 15,000 ϫ g for 15 min at 4°C. The supernatant was used for measuring free glutathione. The reduced and oxidized forms of glutathione were determined as described previously (32) .
Intracellular free proline was measured as described using the ninhydrin assay (33) . Briefly, about 5 ml of log phase grown cells were spun down, washed with 0.9% NaCl, and resuspended in 0.5 ml of distilled water. The cells were transferred to a boiling water bath, and intracellular free amino acids were extracted by boiling for 10 min followed by centrifugation at 15,000 ϫ g for 5 min. The concentration of proline was determined in the resulting extract.
Enzyme Assays-Glutathione reductase (GLR) activity was measured as described (34) but with a slight modification. Cells were broken with acid-washed glass beads in lysis buffer (0.1 M potassium phosphate buffer, pH 7.5, 1 mM EDTA) as described. Cell debris was then pelleted by centrifugation at 15,000 ϫ g for 15 min at 4°C. The GLR activity was measured in the supernatant, and the total protein concentration was measured with the Bradford assay. One unit of GLR activity is the amount of enzyme that oxidizes 1 mol of NADPH/min at 25°C (pH 7.5).
Determination of Intracellular NADP(H)-NADP(H) was extracted with base and acid for NADPH and NADP
ϩ measurements, respectively, as described but with a slight modification (35) . Briefly, about 10 absorbance units of yeast cells were resuspended either in 0.1 M NaOH or 0.1 M HCl. Cells were broken with glass beads as described above for glutathione. After centrifuging the broken cells at 15,000 ϫ g for 10 min at 4°C, the resulting supernatant was heated at 60°C for 10 min. The extract was then neutralized with an equal volume of 0.1 M HCl or 0.1 M NaOH followed by NADP(H) measurement via a spectrophotometric enzymatic cycling assay as described (36) .
Real-time PCR-Total RNA was extracted from yeast cells using the RNeasy mini kit (Qiagen). Cells were grown to log phase before the indicated treatments. The extracted RNA was treated with RNase-free DNase (Fermentas) before cDNA synthesis with M-MulV reverse transcriptase and oligo(dT) primers (Fermentas). mRNA levels were quantified by real-time PCR using the IQ-SYBR-supero mix (Bio-Rad) and MyIQ realtime PCR detection system (Bio-Rad). Relative mRNA levels were calculated using the 2 Ϫ⌬⌬CT method and the actin gene ACT1 as the internal control. PCR products were also analyzed by 2% agarose gel electrophoresis to confirm product size and specificity. Spliced HAC1 (HAC1i) mRNA was quantified by real-time PCR using the reverse primer designed to span the exon-exon junction (Table 2 ) (37) . The specificity of the HAC1i PCR product was confirmed by control assays in ire1 mutant cells, which lack HAC1 splicing due to the absence of Ire1, the nuclease responsible for cleaving HAC1 mRNA during ER stress (38) .
Cell Viability Assays by Propidium Iodide (PI) StainingYeast cells were treated as indicated, spun down, and resuspended in 1 ml of PBS containing 3 g/ml PI for 10 min followed by flow cytometry analysis of the PI-stained cells. Cell death rate is the percentage of PI-positive cells per 10,000 cells counted.
RESULTS

Localization of the Proline Biosynthesis Enzymes and Growth
Profiles of Null Mutants-The intracellular localization of Pro1p, Pro2p, and Pro3p was determined by making GFP fusion proteins driven by the native promoter of the corresponding gene. All three enzymes were previously reported to be in the cytosol, but the evidence was indirect such as complementation of the pro1 mutant with the proB gene from Escherichia coli (39) and isolation of Pro3p from the cytosolic fraction (40) . In agreement with previous findings, Pro1p, Pro2p, and Pro3p were expressed exclusively in the cytosol (Fig. 1B) . Next, the growth profiles of the pro1, pro2, and pro3 null mutants were characterized in SD medium supplemented with increasing amounts of proline. Without proline, the pro1 and pro2 mutants exhibited growth, whereas pro3 did not grow ( Fig. 2A, top panel) . These results are consistent with arginine catabolism supplying P5C for PRO3 in pro1 and pro2 cells and a strict requirement for proline in pro3 cells (41) . The growth profiles of the pro1, pro2, and pro3 mutants were restored to that of the parent wild-type strain at 4, 20, and 4 mM proline, respectively (Fig. 1C) . Thus, the pro2 mutant requires the highest proline concentration for growth in SD medium. A similar growth dependence on proline was observed on SD plates ( Fig. 2A, top panel) .
Proline Biosynthesis Mutants Are Sensitive to ER Stress-The ER stress sensitivities of the pro1, pro2, and pro3 mutants and the proline catabolic put1 mutant were tested by growing each strain to stationary phase and spotting on SD plates containing different concentrations of proline (0, 2, 4, 10, and 20 mM) and DTT or tunicamycin (Tm). DTT and Tm are chemicals used commonly for inducing ER stress (42) . Both chemicals induce ER stress but do so via different mechanisms. DTT induces ER stress by reducing thiols and disrupting protein disulfide bond formation (43, 44) , whereas Tm blocks N-linked glycosylation leading to accumulation of misfolded proteins (35, 45) .
All of the proline biosynthesis mutants were more sensitive to Tm and DTT than the wild-type strain at 2 and 4 mM proline ( Fig. 2A) . The strongest Tm stress phenotype was observed for the pro3 mutant, whereas pro2 cells appeared most sensitive to DTT. The pro1 mutant was least sensitive to DTT/Tm relative to pro2 and pro3. Increasing proline to 10 mM rescued the Tm sensitivity of all the mutants. With DTT, 10 mM proline protected the pro1 and pro3 mutants, whereas 20 mM proline was needed to fully rescue the pro2 mutant. In contrast to the proline biosynthesis mutants, disruption of proline catabolism in the put1 null mutant had only a minimal effect on sensitivity to Tm and DTT ( Fig. 2A) .
The results shown in Fig. 2A indicate that the pro2 mutant has the highest sensitivity to DTT, whereas pro3 is most sensitive to Tm. To confirm that the sensitivity of these mutants was due to the loss of functional PRO2 and PRO3 genes, the pro2 and pro3 mutants were transformed with recombinant PRO2 and PRO3, respectively. Overexpression of PRO2 and PRO3 in the corresponding mutants rescued growth in SD medium without proline and increased resistance to DTT and Tm (Fig.  2B) . These results show that the ER stress-sensitive phenotype of pro2 and pro3 is due to the knock-out of PRO2 and PRO3, respectively, and suggest that proline biosynthesis helps yeast cells survive ER stress under limiting proline conditions.
One mechanism by which cells adapt to ER stress is to downregulate global protein synthesis, which in yeast occurs during amino acid starvation (46) . How limiting other amino acids influences ER stress tolerance was examined in the BY4741 wild-type strain, which is an auxotroph for histidine, leucine, and uracil. These supplements were simply reduced to 1 ⁄ 10 of the normal amount in SD medium (2 mg/liter histidine, 10 mg/liter leucine, and 2 mg/liter uracil). Fig. 2C shows that in contrast to proline, wild-type cells grown under limiting conditions for histidine, leucine, and uracil do not show increased sensitivity to DTT and Tm. In fact, the Tm stress resistance of wild-type cells appears to be slightly improved by limiting histidine and leucine, consistent with lower protein synthesis benefiting cells during ER stress. Thus, the ER stress sensitivity of the proline biosynthesis mutants appears to contrast that of general amino acid limitation.
N-Acetyl-L-cysteine and Anaerobic Conditions Rescue the pro3 Mutant-Because
Tm has been shown previously to increase oxidative stress in yeast (35), we examined if N-acetyl-L-cysteine (NAC) and reduced glutathione (GSH) could mitigate the Tm sensitivity of pro3. Fig. 3A shows that both NAC and GSH rescue the Tm sensitive-phenotype of pro3, whereas methionine has no effect. The effects of NAC and GSH are similar to proline. Other chemicals with known antioxidant properties such as butylated hydroxyanisole (47) and diphenyleneiodonium (an NADPH-oxidase inhibitor) (48) did not rescue the Tm sensitivity of pro3 (Fig. 3A) . These results suggest that GSH is important for repairing ER-associated oxidative stress such as helping to resolve non-native disulfide bonds formed as a result of oxidative stress or enzyme-catalyzed oxidation (49) .
Additional evidence for oxidative stress contributing to the ER sensitivity of pro3 was obtained by treating the pro3 mutant with Tm under anaerobic conditions. Fig. 3B shows that pro3 is less sensitive to Tm under anaerobic conditions. Wild-type and ire1 mutant cells showed no significant change to Tm treatment when switched to anaerobic growth (Fig. 3B) .
ROS levels in wild-type and pro3 were then measured using dihydroethidium (50) . Under non-stressed conditions, the ROS levels in pro3 (2 mM proline) were 1.5-fold higher than wild type (Fig. 3C) . Increasing proline in the SD medium to 4 mM lowered ROS levels in pro3 to that of wild type. Upon treating cells with Tm, ROS levels increased by 1.5-fold in wild-type and pro3 (4 mM proline). At 2 mM proline, ROS levels did not further increase in pro3 cells with Tm treatment (Fig. 3C) .
Because GSH reversed the ER stress sensitivity of the pro3 mutant, we assessed GSH status in pro3. GSH levels were mea- sured in wild-type and pro3 cells grown to log phase with different proline concentrations (2, 4, and 10 mM). Total GSH was 3-fold higher in pro3 with 2 mM proline relative to wild type (Fig. 4A) . At higher concentrations of proline (4 and 10 mM) GSH levels were similar to wild type (Fig. 4A) . In all conditions Tm did not change total GSH levels in wild type and pro3 (Fig.  4A) . The ratio of oxidized to reduced glutathione (GSSG/GSH) was shown to be similar between wild type (WT) and pro3 with no significant change upon treatment with Tm (Fig. 4B) . We also measured the mRNA levels of ␥-glutamylcysteine synthetase 1 (GSH1), the rate-limiting enzyme of GSH biosynthesis. Under growth conditions with 2 mM proline, the GSH1 transcript levels were ϳ2-fold higher in pro3 relative to wild-type cells (Fig. 4C) , indicating that increased GSH1 expression may be the cause of higher glutathione in pro3. We also observed that after Tm treatment, GSH1 increased by 3-and 5-fold in wild type and pro3, respectively (Fig. 4C) , indicating that GSH is required for cells recovering from ER stress. Interestingly, GSH1 levels remained nearly 2-fold higher in pro3 relative to wild type after Tm treatment. GSH metabolism was explored further by measuring the activity of GLR, which catalyzes the NADPH-dependent reduction of GSSG to 2GSH. GLR activity was observed to be 4-fold higher in pro3 at 2 mM proline than in wild-type cells (Fig. 4D) . At higher concentrations of proline, GLR activity in pro3 was similar to wild-type cells. No change in GLR activity was observed with Tm treatment in wild type or pro3. We last measured NADP ϩ and NADPH and found significantly higher NADP ϩ and a NADP ϩ /NADPH ratio in pro3 at 2 mM proline relative to wild type (Fig. 4, E and F) . At higher proline concentrations (4 and 10 mM proline) no significant difference in NADP ϩ and NADPH was observed between wildtype and the pro3 mutant.
Oxidative Stress and the UPR-To test whether higher ROS levels as observed in the pro3 mutant (Fig. 3C) exacerbate Tm sensitivity, wild-type cells were treated with Tm in the presence of hydrogen peroxide (H 2 O 2 ). The addition of H 2 O 2 (1 mM) during Tm treatment significantly decreased cell survival, indicating a compounding effect of oxidative stress on ER stress (Fig. 5A ). H 2 O 2 alone did not diminish cell survival (Fig. 5A ). The addition of NAC dramatically rescued cells from Tm and H 2 O 2 toxicity. Interestingly, the addition of 10 mM proline also partially repressed the combined toxicity of Tm and H 2 O 2 in wild-type cells (Fig. 5A) . The sensitivity of the pro3 mutant strain to Tm was also enhanced by H 2 O 2 but at a lower concentration (0.25 mM H 2 O 2 ) (Fig. 5B) . As in wild-type cells, NAC prevented cell death induced by Tm and H 2 O 2 treatment (Fig.  5B) , consistent with proline limitation, resulting in higher intracellular oxidative stress. Increasing the proline concentration from 4 to 10 mM also rescued the pro3 cells from Tm and H 2 O 2 toxicity (Fig. 5B) . Note that at 0.25 mM, H 2 O 2 does not increase the Tm sensitivity of wild-type cells (Fig. 5B) . The role of cellular antioxidants in ER stress defense was further evaluated by testing the sensitivity of the yap1 mutant to Tm or DTT. Fig. 5C shows yap1 cells exhibit significantly increased sensitivity to Tm and DTT relative to wild-type cells.
In yeast and mammalian cells, a functional UPR is essential for cell survival under ER stress (21) . To test whether oxidative stress impacts the UPR, HAC1 mRNA splicing (37) was examined via real-time PCR after Tm treatment with and without H 2 O 2 . As expected, HAC1i (spliced HAC1) levels increased (ϳ3-fold) in wild-type cells after Tm treatment (Fig. 5D) , indicating induction of the UPR. In the presence of H 2 O 2 (1 mM), Tm induction of HAC1i mRNA splicing was significantly reduced. A dose-dependent inhibition of the UPR was also OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40
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observed by following the ER stress-inducible UPR-target gene KAR2 (38) . KAR2 mRNA levels were reduced by nearly 4-fold with H 2 O 2 relative to Tm treatment alone (Fig. 5D) .
The effect of H 2 O 2 on the time course (0.5-2 h) of the UPR was also examined. At each time point H 2 O 2 significantly blocked the UPR as determined by HAC1i (Fig. 5E) and KAR2 (Fig. 5F ) mRNA levels. The addition of NAC partially rescued the UPR with 2-3-fold higher levels of HAC1i and KAR2 (Fig. 5 , E and F) at each time point relative to cells treated with Tm and H 2 O 2 . Treatment of cells with H 2 O 2 alone resulted in 2-fold lower HAC1i mRNA levels (Fig. 5E ) by 2 h and a ϳ3-fold increase in KAR2 mRNA (Fig. 5F ) by 1 h.
Proline Limitation Inhibits the UPR-To test if proline limitation impacts the UPR, HAC1i and KAR2 mRNA levels were examined in pro3 mutant cells grown in SD medium supplemented with increased concentrations of proline. With 2 mM proline, pro3 cells exhibited a significantly lower induction of HAC1i (Fig. 6A) and KAR2 (Fig. 6B) mRNA by Tm relative to wild-type cells. Increasing the proline concentration (4 and 10 mM) rescued the Tm-dependent UPR as observed by higher HAC1i and KAR2 mRNA levels (Fig. 6, A and B) . NAC partially rescued HAC1i mRNA levels in pro3 cells at 2 mM proline (Fig.  6C ) similar to that observed with wild-type cells treated simultaneously with Tm and H 2 O 2 (Fig. 5E ). For comparison, other conditions of nutrient starvation (1/10 of normal concentration in SD medium) such as leucine and uracil were tested for effects on the UPR. Imposing leucine or uracil starvation on wild-type cells results in a significant drop in HAC1i mRNA to nearly undetectable levels, similar to that observed in the ire1 mutant strain (Fig. 6A) . Also, no increase in HAC1i mRNA was observed with Tm stress (data not shown). However, limiting leucine or uracil did not increase the toxicity of Tm or DTT (Fig. 2C) . Therefore, the dampened UPR under leucine or uracil starvation is most likely due to generally lower protein synthesis caused by amino acid starvation and, thus, lower misfolded protein loading in the ER. In contrast, proline limitation does not appear to decrease overall misfolded protein loading, as HAC1i mRNA levels are similar between wild-type and pro3 cells before Tm treatment. This implies that proline limitation results in higher misfolded protein levels relative to leucine or uracil, suggesting that proline-depleted cells are under ER stress before Tm treatment.
Because ER stress activates the calcium signaling pathway as well as the UPR (22, 23), we tested the possibility of impaired calcium import in pro3. Exogenous proline was previously reported to enhance calcium import in plants (51) , indicating proline levels may influence calcium signaling. Calcium import, however, was observed not to be affected in the pro3 mutant as determined by monitoring expression levels of SLT2 (MPK1), a protein kinase that is critical for calcium homeostasis and is up-regulated by Tm (22) and GSC2, a gene known to be up-regulated by increased calcium levels (52) (data not shown).
Proline Biosynthesis Gene Expression in Response to Tm Treatment-To determine whether ER stress influences the expression of proline biosynthesis genes, we examined protein expression levels of Pro1p, Pro2p, and Pro3p after Tm treat- ment. The fluorescence intensity of Pro1p-GFP, Pro2p-GFP, and Pro3p-GFP fusion proteins with expression of each gene under control of the corresponding native promoter was measured using flow cytometry. No significant change in the fluorescence of the GFP fusion proteins was observed after 2 and 4 h of Tm treatment (data not shown). Consistent with no change in proline biosynthesis gene expression, no significant change in proline content was observed after Tm treatment (data not shown).
Intermediates in the Proline Metabolic Pathway Do Not Contribute to ER Stress Sensitivity-The ER stress sensitivity of the pro2 and pro3 mutants may also be impacted by intermediate metabolites in the proline biosynthesis pathway. In the first step Pro1p converts glutamate to ␥-glutamyl phosphate, which is unstable and undergoes cyclization to form 5-oxoproline, which may increase in pro2 (53) . The second intermediate of proline biosynthesis is P5C/GSA, which could increase in the pro3 mutant and is thought to be toxic to yeast and induce apoptotic cell death (2) . Because proline is a feedback inhibitor of Pro1p (54) , supplementing the pro2 and pro3 strains with proline may reduce buildup of these potentially harmful intermediates. To test the effects of the intermediates ␥-glutamyl phosphate and P5C/GSA, double mutants pro1/pro2 and pro2/ pro3 were tested for sensitivity to DTT and Tm, respectively. Fig. 7 shows that the sensitivity of the double mutants pro1/ pro2 and pro2/pro3 to DTT and Tm, respectively, is similar to that observed with the single pro2 and pro3 mutants. In addition, the stress phenotype of the double mutants was rescued by proline. Thus, the intermediates of proline biosynthesis do not appear to contribute significantly to the observed ER stress phenotypes of pro2 and pro3.
It is also possible that the breakdown of proline by Put1p would accentuate problems with inadequate proline levels in the pro2 and pro3 mutant strains. However, knocking out the PUT1 gene in the double mutants pro2/put1 and pro3/put1 did not rescue the sensitivity of the pro2 and pro3 mutants to DTT and Tm, respectively (Fig. 7) . Instead, the double mutant pro3/ put1 appeared to be more sensitive to Tm but was still rescued by proline.
Proline Protects hog1 and ire1 Null Mutants against ER Stress-Finally, we tested whether proline can rescue ER stresssensitive mutants apart from the proline metabolic pathway. The effect of proline on the ER stress-sensitive mutants hog1 and ire1 was examined by overexpressing the mutant Pro1p(D154N) in these mutants. Pro1p is feedback-inhibited by proline, thereby limiting accumulation of proline in the cell. Previously, it was shown that Pro1p(D154N) is less sensitive to feedback inhibition by proline with overexpression of Pro1p(D154N), resulting in higher intracellular proline levels (17) . We used the same strategy here to increase intracellular proline levels in hog1 and ire1 cells. Cells overexpressing the Pro1p(D154N) mutant were determined to have 3-fold higher intracellular proline levels than control cells with the empty vector. Interestingly, overexpression of Pro1p(D154N) in hog1 and ire1 increased survival of these mutants under DTT or Tm stress ( Fig. 8A and B) . The effect of Pro1p(D154N) was most evident in the hog1 mutant, as rescue of ire1 was only observed at lower concentrations of DTT and Tm (Fig. 8) .
Proline protection of hog1 was further tested by determining the death rate of the hog1 mutant cells after the addition of 2 mM DTT or 1 g/ml Tm in liquid SD medium containing 0, 10, or 20 mM proline for 16 h. The death rate of hog1 mutant cells treated with DTT or Tm in SD medium was reduced by 60 and 30%, respectively, when supplemented with proline (Fig. 8C) . To gain molecular insight into proline protection of the hog1 mutant, we examined the expression of the ER stress marker KAR2 in hog1 and wild-type cells under Tm stress with and without proline (Fig. 8D) . In cells without proline, KAR2 levels remained elevated in the hog1 mutant much longer than in wild-type cells, showing that the hog1 mutant recovers more slowly from Tm stress, which is consistent with a previous report (25) . In cells supplemented with proline, however, the KAR2 expression profile in the hog1 mutant is similar to that of wild type, indicating that proline helps hog1 recover in the late phase of ER stress response (Fig. 8D) .
DISCUSSION
In this study we found that genetic depletion of individual steps in proline biosynthesis results in distinct growth and ER stress phenotypes. The pro3 mutant has a strict requirement for proline (41) and showed high sensitivity to ER stress-inducing agents. Proline limitation in yeast S. cerevisiae, as demonstrated in the pro3 mutant, leads to ROS accumulation, higher NADP ϩ and total GSH levels, and inhibition of the UPR. Tm sensitivity of the pro3 mutant was rescued by NAC or GSH treatment and by anaerobic growth conditions, indicating proline limitation negatively impacts antioxidant defense systems and the UPR during ER stress recovery.
Amino acid limitation effectively reduces ER protein loading and is thought to benefit cells during ER stress (55) (56) (57) . Yeast mutants deficient for ribosomal large subunits or with less cytosolic mRNA were found to be more resistant to Tm, which may be due to lower protein synthesis overall (58, 59) . In agreement with this notion, we found that limiting leucine, uracil, and histidine slightly improved tolerance to Tm. In contrast, we found that genetic depletion of proline biosynthesis decreased ER stress tolerance. This implies that proline may have a unique role in ER stress protection. The expression levels of Pro1p, Pro2p, and Pro3p do not change significantly after DTT or Tm treatment. In a yeast gene microarray experiment, only 28 genes were induced by DTT, although 195 DTT stress-sensitive null mutants were identified (26) . Thus, a large number of genes that are critical for DTT stress survival are not necessarily induced by DTT (26) . During ER stress, proline levels did not change. However, we did detect 4-fold higher PUT1 mRNA levels after Tm treatment (data not shown), indicating increased proline degradation. Thus, an important role of the proline biosynthesis pathway may be to maintain intracellular proline levels during ER stress.
Protein misfolding is often connected with oxidative stress and depletion of GSH (60, 61) . Glutathione is critical for mitigating ROS generated by the ER during oxidative protein folding (49, (61) (62) (63) (64) . In mammalian cells, glutathione biosynthesis and assimilation are up-regulated during ER stress via the antioxidant transcription factor Nrf2 (65) and the eIF2␣ signaling pathway (55, 66) . Disruption of these signaling pathways leads to increased ROS-and ER stress-induced cell death, which can be rescued by NAC or GSH (55, 66) . Previously in yeast, ROS was detected in wild-type cells treated with Tm (35) and a yeast ER-associated protein degradation mutant in which misfolded protein was overexpressed (67) . GSH supplementation was shown to mitigate ROS accumulation and the ER stress sensitivity of the null ER-associated protein degradation mutant (67) . Yeast null mutants of superoxide dismutase (SOD1) and YAP1 have also been shown to be sensitive to Tm treatment (35) . Consistent with these earlier results, we also show here that ROS levels and glutathione synthesis increase in wild-type and pro3 cells after Tm treatment. Thus, our data suggest a role for ROS defense in yeast during ER stress.
Characterization of the pro3 mutant suggests an underlying mechanism by which proline limitation increases ER stress sensitivity involves disruption of redox homeostasis. At 2 mM proline, a redox imbalance in pro3 cells is evidenced by increased intracellular ROS levels, an elevated NADP ϩ /NADPH ratio (68) , and higher expression and activity of GSH1 and GLR, respectively, which are regulated by Yap1p in response to oxidative stress (69 -71) . Under proline limitation, we also observed higher total glutathione levels, which may be caused by the increased ROS stimulated GSH synthesis, which has been observed in other yeast mutants defective in oxidative stress defense (72, 73) . Because the Tm sensitivity of the pro3 mutant is reversed by anaerobic growth conditions and by treatment with NAC or GSH, the redox imbalance in pro3 cells likely heightens ER stress sensitivity. Exactly how proline limitation leads to a more oxidative environment in pro3 cells is not clear. In addition to nutrient starvation (74 -76) , ER stress or protein misfolding may contribute to the oxidative stress observed in pro3 cells. Increasing the proline concentration to 4 mM restored the redox status of the pro3 mutant to near that of wild-type cells and greatly diminished DTT sensitivity. A higher concentration of proline (10 mM), however, was needed to fully repress the Tm sensitivity of pro3.
Oxidative and ER stress coexist in many pathologic states and may trigger one another, but exactly how they interact is not clear (77) . Our data show that oxidative stress exacerbates ER stress sensitivity via inhibition of the UPR. The UPR is essential for yeast cells to survive under ER stress resulting in increased chaperone synthesis, inhibition of protein synthesis to reduce ER protein loading, and increased antioxidant defenses (21, 61) . We observed that the UPR response to Tm is rapidly inhibited by H 2 O 2 in wild-type cells and by proline limitation in pro3 cells (2 mM proline), demonstrating oxidative stress profoundly impacts ER stress tolerance. Previous studies in mammalian cells showed that exogenous oxidants such as peroxides and ROS generators can trigger several aspects of the UPR (77). Interestingly in yeast, H 2 O 2 alone does not induce HAC1 splicing; rather, it inhibits HAC1 splicing induced by Tm (Fig. 5, D  and E) . NAC partially restored the UPR upon Tm in H 2 O 2 -treated wild-type cells and in pro3 cells under proline limita- tion. Proline fully rescues the UPR in the pro3 mutant, which correlates with an improved intracellular redox environment at higher proline concentrations (4 and 10 mM). Thus, one of the mechanisms by which NAC and proline decrease Tm toxicity involves protection of the UPR, likely by removing oxidative stress. Besides the UPR, diminished oxidative stress would also benefit ER stress tolerance by down-regulation of cellular death processes such as apoptosis. Proline has been shown previously to function as an anti-apoptotic factor in yeast (78) .
Reports are sparse about how the UPR is inhibited by H 2 O 2 . In a study of the mutant sod1, NADP ϩ levels increased whereas NAPDH levels remained constant during ER stress. It was proposed that increases in superoxide interrupt the overall NADP(H) flux leading to a higher NADP ϩ /NADPH ratio and thereby reducing the UPR during ER stress (35) . Similarly, we observed a higher NADP ϩ /NADPH ratio due to increased NADP ϩ in pro3 cells under proline limiting conditions. Thus, in an analogous manner to that of sod1, increased ROS caused by proline limitation may interfere with NADP(H) flux leading to inhibition of the UPR. The increased NADP ϩ found in pro3 cells at 2 mM proline may result from an imbalance of higher GLR activity and diminished flux of the pentose phosphate pathway during proline limitation (68) . Proline metabolism was shown previously to be coupled with the pentose phosphate pathway (79) , indicating a potential mechanism by which proline impacts intracellular redox homeostasis (2) .
In contrast to ROS and NADP ϩ , the higher GSH levels detected in pro3 cells are less likely to inhibit the UPR. It was previously reported that disruption of TRR1 results in a 3-fold increase in GSH levels, which was proposed to contribute to more misfolded protein and induce the UPR (73) . Overexpression of GSH1 also led to a 30% increase in UPR induction (63) . Thus, it is unlikely that higher glutathione levels lead to a reduced UPR in pro3 cells. However, the higher GSH levels would be expected to exacerbate DTT toxicity as seen for pro3 and pro2 cells. Depletion of thioredoxin in the double mutant trx1/trx2 resulted in a 3-fold increase in total GSH and increased sensitivity to DTT (73) , indicating that elevated GSH increases sensitivity to reductive stress in the ER (63) . Besides interruption of redox homeostasis, another mechanism by which proline depletion inhibits the UPR may occur via decreased synthesis or destabilization of a protein that is critical to the UPR.
Overall, the results from this study indicate that proline biosynthesis and proline have fundamental roles in ER stress protection. We propose that the major mechanism by which proline biosynthesis protects against ER stress is 2-fold involving maintenance of intracellular redox homeostasis and the UPR. However, other potential roles of proline in ER stress should not be ignored as evidenced by partial rescue of the ER stresssensitive hog1 and ire1 mutant strains with overexpression of the Pro1p(D154N) mutant. The ability of proline to protect hog1 cells against ER stress indicates that proline can also function as an osmolyte substitute for glycerol in hog1. As an established antioxidant and osmolyte, proline may serve as an important stabilizer of redox balance and protein folding during ER stress that benefits overall redox homeostasis, the UPR, and protein folding.
Understanding which ROS defense systems are most critical for combating ER stress will be an important avenue of research in the future. Although the yap1 mutant is sensitive to ER stress, we have observed that other mutant strains such as sod2 and cta1 are only slightly sensitive to Tm-induced ER stress despite being highly sensitive to superoxide and H 2 O 2 , respectively (data not shown). These results indicate that defense against ER stress-induced oxidative stress may rely on specific ROS defense systems. This notion is also supported by our data showing that cells under proline limitation are more sensitive to ER stress than oxidative stress alone (see Fig. 5B ). Thus, proline may have a more important role in combating ROS that originates from ER stress rather than oxidative stress in general. Determining how the redox state of the ER is impacted by proline limitation may provide novel insights into the mechanism of proline protection.
